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We show that b–τ Yukawa uniﬁcation can be successfully implemented in the constrained minimal
supersymmetric model and it yields the stop co-annihilation scenario. The lightest supersymmetric
particle is a bino-like dark matter neutralino, which is accompanied by a 10–20% heavier stop of mass
∼ 100–330 GeV. We highlight some benchmark points which show a gluino with mass ∼ 0.6–1.7 TeV,
while the ﬁrst two family squarks and all sleptons have masses in the multi-TeV range.
© 2011 Elsevier B.V. Open access under CC BY license.The apparent uniﬁcation at MG ≈ 2 × 1016 GeV of the three
Standard Model (SM) gauge couplings, assuming TeV scale super-
symmetry (SUSY), strongly suggests the existence of an underlying
grand uniﬁed theory with a single coupling constant. The minimal
supersymmetric SU(5) model, in addition to unifying the gauge
couplings, also predicts uniﬁcation at MG of the third family bot-
tom (b) quark and tau lepton (τ ) Yukawa couplings [1]. This b–τ
Yukawa uniﬁcation (YU) is to be contrasted with the minimal su-
persymmetric SO(10) and SU(4)c × SU(2)L × SU(2)R models which
predict t–b–τ YU [2], where t denotes the top quark. The low en-
ergy implications of b–τ [3] and t–b–τ [4] YU have been discussed
in the recent literature. For instance, t–b–τ YU is not realized in
the mSUGRA/constrained minimal supersymmetric standard model
(CMSSM) [5] because of the diﬃculty of implementing radiative
electroweak symmetry breaking (REWSB) [6].
In this Letter we explore the low energy consequences of imple-
menting b–τ YU in the CMSSM framework. REWSB in this case is
not an issue anymore. We refer to this combination of b–τ YU and
CMSSM as YCMSSM, the ‘Yukawa’ constrained version of CMSSM.
Among other things, we require that YCMSSM delivers a viable cold
dark matter (DM) candidate (lightest stable neutralino) whose relic
energy density is compatible with the WMAP measured value [7].
One of our main observations is that the allowed fundamental
parameter space of CMSSM is strikingly reduced in the YCMSSM
setup. We ﬁnd that M1/2  m0, where M1/2 and m0 denote uni-
versal gaugino and scalar soft SUSY breaking masses respectively.
Furthermore, b–τ YU at the level of 10% or better yields the con-
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Open access under CC BY license.straint 5 TeV  m0  20 TeV. The supersymmetric threshold cor-
rections including ﬁnite loop corrections to the b quark mass play
an essential role here [8].
The lightest supersymmetric particle (LSP) neutralino is essen-
tially a bino, the spin 1/2 supersymmetric partner of the U (1)Y
gauge boson, which is closely followed in mass by a slightly heav-
ier (next to lightest sparticle for short NLSP) stop, a scalar partner
of the top quark. The desired LSP relic abundance is achieved via
neutralino stop co-annihilation [9], which in our case requires that
the NLSP stop is about 10–20% heavier than the neutralino. The pa-
rameter tanβ , the ratio of the up and down Higgs VEVs, turns out
to lie in a narrow range 35  tanβ  40. The universal trilinear
scalar coupling (A0) is found to satisfy |A0/m0| ∼ 2.3.
We highlight some LHC testable benchmark points with compa-
rable LSP neutralino and light stop masses of around 100–330 GeV,
while the corresponding chargino and second neutralino masses
are 200–600 GeV and gluino mass ∼ 0.6–1.7 TeV. Together with
the lightest SM-like Higgs with mass 114–124 GeV, these are
the only ‘light’ (LHC accessible) particles predicted in this NLSP
stop scenario with b–τ Yukawa uniﬁcation and neutralino DM.
The squarks of the ﬁrst two families, the heavy stop, the two bot-
tom particles, and the charged sleptons, all have large (multi-TeV)
masses.
The fundamental parameters of CMSSM are
m0, M1/2, tanβ, A0, sgn(μ) (1)
where sgn(μ) is the sign of supersymmetric bilinear Higgs param-
eter. All mass parameters are speciﬁed at MG.
We use the ISAJET 7.80 package [10] to perform random scans
over the CMSSM parameter space. ISAJET employs two-loop renor-
malization group equations (RGEs) and deﬁnes MG to be the scale
at which g1 = g2. This is more than adequate as a few percent
deviation from the exact uniﬁcation condition g3 = g1 = g2 can
346 I. Gogoladze et al. / Physics Letters B 706 (2012) 345–349Fig. 1. Evolution of bottom (green) and τ (red) Yukawa couplings without (a) and with (b) ﬁnite SUSY threshold corrections. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this Letter.)be assigned to unknown GUT scale threshold corrections [11]. The
random scans cover the following parameter range:
0m0  25 TeV, 0 M1/2  2 TeV,
1.1 tanβ  60, −3 A0/m0  3, (2)
with μ > 0 and mt = 173.3 GeV [12]. The results are not too sen-
sitive to one or two sigma variation in the value of mt [13].
In scanning the parameter space, we employ the Metropolis–
Hastings algorithm as described in [14]. All of the collected data
points satisfy the requirement of REWSB, with the neutralino in
each case being the LSP. We direct the Metropolis–Hastings al-
gorithm to search for solutions with 10% or better b–τ Yukawa
uniﬁcation (YU). After collecting the data, we impose the exper-
imental mass bounds on all particles [15], and use the IsaTools
package [16] to implement the following phenomenological con-
straints:
mh (lightest Higgs mass) 114.4 GeV [17],
BR
(
Bs → μ+μ−
)
< 5.8× 10−8 [18],
2.85× 10−4  BR(b → sγ ) 4.24× 10−4(2σ) [19],
0.15 BR(Bu → τντ )MSSM
BR(Bu → τντ )SM  2.41(3σ) [20],
ΩCDMh
2 = 0.111+0.028−0.037(5σ) [7].
As far as muon anomalous magnetic moment is concerned,
we only require that the model does no worse than the stan-
dard model (SM). In Fig. 1(a) we show the evolution of b and
τ Yukawa couplings without the SUSY threshold corrections for a
representative b–τ YU solution. It is evident that without suitable
SUSY threshold corrections, b–τ YU occurs at around 108 GeV. In
Fig. 1(b) we show the need for SUSY threshold corrections in order
to achieve b–τ YU.
The SUSY correction δmτ to the τ lepton mass is given by
δmτ = v cosβδyτ . The ﬁnite and logarithmic corrections [21] to
the τ lepton mass are typically small, so that the value of yτ at
MG is more or less ﬁxed. From Fig. 1(a), to implement yτ = yb
at MG therefore requires suitable threshold correction (δyb) to the
bottom quark [8]. The dominant contribution to δyb comes from
the gluino and chargino loops [8,21]. With our sign conventions
(the sign of δyb is ﬁxed as yb evolves from MG to MZ ), a useful
approximate formula for the ﬁnite one loop correction to δyb isgiven by
δyﬁniteb ≈
μ
4π2
(
g23
3
mg˜
m21
+ y
2
t
8
At
m22
)
tanβ. (3)
Here g3 is the strong gauge coupling, mg˜ is the gluino mass,
At is the stop trilinear coupling, and m1 ≈ (mb˜1 +mb˜2)/2, m2 ≈
(mt˜2 + μ)/2. b˜1, b˜2 denote the two bottom squarks, t˜2 is the heav-
ier stop, and we assume that mg˜ mb˜1,b˜2 and mt˜1  μ,mt˜2 .
In order to achieve b–τ YU, yb must receive a negative contri-
bution (−0.2  δyb/yb  −0.07) from threshold corrections. This
is a relatively narrow interval compared to the full range −0.2 
δyb/yb  0.25 in the data that we have collected. The logarith-
mic corrections to yb are in fact, positive, which leaves the ﬁnite
corrections to provide for the correct δyb . Since μ > 0, the gluino
contribution is positive, and so the contribution from the chargino
loop not only has to cancel out the contributions from the gluino
loop and the logarithmic correction, it also must provide the cor-
rect overall (negative) contribution to δyb . This is achieved only
for suitable large m0 values and large negative At , for which the
gluino contribution scales as M1/2/m20 while the chargino contri-
bution scales as At/m20. Note that large values of m0 imply heavy
slepton masses, and so b–τ YU does not provide any signiﬁcant
SUSY contributions to the muon anomalous magnetic moment.
In order to quantify b–τ YU, we deﬁne the quantity Rbτ as
Rbτ = max(yb, yτ )min(yb, yτ ) . (4)
In Fig. 2 we present our results in the Rbτ –m0, Rbτ –tanβ ,
M1/2–m0 and Rbτ –μ planes. In panels (a), (b), (d) the gray points
are consistent with REWSB and χ˜01 LSP. The orange points sat-
isfy the particle mass bounds, constraints from BR(Bs → μ+μ−),
BR(Bu → τντ ) and BR(b → sγ ). The blue points form a subset
of orange points that satisﬁes WMAP bounds on χ˜01 DM abun-
dance. The dashed (red) line represents 10% or better b–τ YU. In
the M1/2–m0 plane the orange color has the same meaning as de-
scribed earlier, red color represents solutions with 10% or better
b–τ YU, and the blue points satisfy in addition the WMAP bounds.
In the Rbτ –m0 plane of Fig. 2, we show that in order to have 10%
or better b–τ YU consistent with the collider bounds, we require
m0  5 TeV. But if b–τ YU is to be compatible with neutralino
DM relic density, represented by the blue points in the ﬁgure,
we can see that m0  8 TeV. To better appreciate this result we
consider the M1/2 −m0 plane. As we will see later, the neutralino-
stop co-annihilation channel is the only solution we have found
for neutralino DM compatible with b–τ YU. The lighter stop mass
I. Gogoladze et al. / Physics Letters B 706 (2012) 345–349 347Fig. 2. Plots in Rbτ –m0, Rbτ –tanβ , M1/2–m0 and Rbτ –μ planes. In panels (a), (b), (d) the gray points are consistent with REWSB and χ˜01 LSP. The orange points satisfy in
addition the particle mass bounds, constraints from BR(Bs → μ+μ−), BR(Bu → τντ ) and BR(b → sγ ). The blue points form a subset of orange points that satisﬁes WMAP
bounds on χ˜01 DM abundance. The dashed (red) line represents 10% or better b–τ YU. In M1/2–m0 plane the orange color has the same meaning as described above, red
color represents the solution with 10% or better b–τ YU, and blue points satisfy the WMAP bounds. (For interpretation of the references to color, the reader is referred to
the web version of this Letter.)can be as light as 100 GeV [15], which means that the neutralino
mass has to be of comparable order, in order to implement the
stop co-annihilation solution. An ISAJET two loops analysis yields
M1/2  150 GeV. We can see from Fig. 2(c) that M1/2  150 GeV is
compatible with 10% or better YU (points in red) for m0  8 TeV.
In the Rbτ –tanβ plane (Fig. 2(b)) we have two regions with 10%
or better b–τ YU. In one region tanβ ≈ 1.1, but this is ruled out by
the light CP-even higgs mass bound. The second region with suc-
cessful b–τ YU occurs for 34  tanβ  45. Beyond this range we
do not have REWSB if we require 10% or better b–τ YU. Imposing,
in addition, the neutralino DM requirement (represented by blue
points), the allowed region shrinks to 35 tanβ  40.
The plot in Rbτ –μ plane shows that for 10% or better YU,
μ 3 TeV (orange points). The need for large values of μ can be
understood by analyzing the threshold effects associated with the
b quark. As previously mentioned, the second term in Eq. (3) has
to be larger than the ﬁrst one for successful b–τ YU. With tanβ
squeezed in a relatively narrow interval, and the magnitude of At
bounded to avoid color and charge breaking, needs a large μ term
to obtain the required δyb . On the other hand, a bino-Higgsino
mixed DM scenario requires mχ˜01
≈ |μ|. From Fig. 2(c), the neu-
tralino cannot be much heavier than 600 GeV or so for successful
b–τ YU. But with μ > 4 TeV that a bino-Higgsino mixed DM sce-
nario is not realized here.
Next let us consider the A-funnel scenario of CMSSM where
one needs mA ≈ 2mχ˜01 . For large tanβ , m
2
A = 2b/ sin(2β) ≈ b tanβ ,
where b is the soft SUSY breaking Higgs bilinear term. We haveb tanβ ≈ 4 TeV for good b–τ uniﬁcation, which implies that mA 
2mχ˜01
and thus, the A-funnel scenario is not consistent with 10%
or better b–τ uniﬁcation.
The neutralino-stop co-annihilation channel is compatible with
10% or better b–τ uniﬁcation, as shown by the blue points in
Fig. 2. Let see how a light stop mass (mt˜1 ) of O (100) GeV, is re-
alized for m0  8 TeV and M1/2  600 GeV. In this region of the
parameter space the diagonal entries of the stop mass matrix to
pick up dominant contribution from yt and At couplings, thus
making the mt˜R entry lighter than its value at MG. In Fig. 3(a)
we see that the ratio m ˜tR /m0 can be as small as 0.05 for large
values of A0, which means that at the SUSY scale mt˜R can be
as light as 1 TeV or so, despite the large ∼ (8–20) TeV, m0 val-
ues. On the other hand, from Fig. 3(b) we see that at SUSY scale,
the value of |At | can be O (7–20) TeV. The off-diagonal entries
−mt(At + μ cotβ) for the stop quark mass matrix can therefore
be of comparable magnitude to the diagonal entries. Because of
this, as seen in Fig. 3(b), one of the eigenvalues (mt˜1 ) of the stop
quark mass matrix can be 10–20 times smaller than mt˜R at the
SUSY scale. Thus, with mt˜1 O (100) GeV, we can have neutralino-
stop co-annihilation compatible with b–τ YU. A similar discussion
for the stau mass matrix shows that the stau co-annihilation sce-
nario is not realized in YCMSSM.
In Table 1 we present three characteristic benchmark points
which satisfy all, especially the dark matter, constraints. Point 1
displays essentially perfect b–τ YU solution with Rbτ = 1, point 2
represents a solution with a relatively light stop mass (∼ 114 GeV),
348 I. Gogoladze et al. / Physics Letters B 706 (2012) 345–349Fig. 3. Plots in mt˜R /mU˜R − A0 and mt˜1 /mt˜R − At planes. The orange points satisfy the particle mass bounds, constraints from BR(Bs → μ+μ−), BR(Bu → τντ ) and BR(b → sγ ).
Red color represents the solution with 10% or better b–τ YU. Blue color represents the neutralino-stop co-annihilation solutions. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this Letter.)Table 1
Point 1 has perfect b–τ uniﬁcation with Rbτ = 1, point 2 represents a solution with
relatively light stop mass (∼ 114 GeV), and point 3 represents a solution with a
heavier stop mass (∼ 330 GeV). The remaining squarks and sleptons all have masses
in the multi-TeV range.
Point 1 Point 2 Point 3
m0 15220 10040 17920
M1/2 177 152 521
tanβ 37 39 37
A0/m0 −2.36 −2.32 −2.33
sgn(μ) +1 +1 +1
mh 115 120 115
mH 6036 4566 9752
mA 5997 4537 9688
mH± 6037 4568 9753
mχ˜01,2
124, 272 97, 209 290, 592
mχ˜03,4
10 379, 10 379 6836, 6836 12347, 12347
mχ˜±1,2
275, 10 406 211, 6840 598, 1239
mg˜ 796 640 1680
mu˜L,R 15170, 15 214 10000, 10 030 17892, 17 942
mt˜1,2 153, 5930 114, 4076 328, 7894
md˜L,R 15170, 15 222 10000, 10 036 17892, 17 951
mb˜1,2 6060, 8357 4152, 5752 8097, 11159
mν˜1 15 223 10041 17929
mν˜3 12 744 8453 15082
me˜L,R 15211, 15208 10032, 10 032 17911, 17909
mτ˜1,2 9843, 12771 6619, 8474 11801, 15 130
σSI(pb) 3.28× 10−12 5.85× 10−12 7.93× 10−13
σSD(pb) 3.90× 10−12 2.39× 10−11 1.77× 10−12
ΩCDMh2 0.11 0.09 0.1
Rbτ 1.00 1.02 1.09
and ﬁnally point 3 represents a solution with a heavier stop mass
(∼ 330 GeV). We note that the remaining squarks and sleptons all
have masses in the multi-TeV range.
Since the LSP is essentially a pure bino, both its spin-inde-
pendent and spin-dependent cross sections on nucleons are rather
small [22], ∼ 10−47–10−48 cm2. Consequently it wont be easy to
detect the LSP in direct and indirect experiments.
In summary, we have investigated b–τ Yukawa uniﬁcation in
the mSUGRA/CMSSM framework and ﬁnd that it is consistent with
the NLSP stop scenario and yields the desired LSP neutralino relic
abundance. This YCMSSM predicts that there are just two ‘light’
(LHC accessible) colored sparticles, namely the NLSP stop with
mass ∼ 100–330 GeV, and the gluino which is ∼ 600–1700 GeV.The chargino and a second neutralino are about a factor 2–3 lighter
than the gluino. The remaining squarks as well as all sleptons have
masses in the multi-TeV range. Regarding the fundamental CMSSM
parameters, we ﬁnd that 5 TeVm0  20 TeV, m0/M1/2 ≈ 30–50,
tanβ ≈ 35–40, |μ| ∼ 3–15 TeV and |A0/m0| ∼ 2.2–2.4.
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